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ABSTRACT

The Fornax Cluster represents an important step in the extragalactic distance scale. Here we present a
new I-band luminosity-H 1 velocity width (I-band Tully-Fisher) study of the cluster using an enlarged
sampled of spiral galaxies in Fornax. I-band CCD photometry and 21 cm parameters are measured for
23 members of Fornax and compared with data for the Virgo Cluster. We obtain an accurate distance
modulus of Fornax relative to Virgo of —0.06 + 0.15 mag. The low scatter of Fornax galaxies around
the Tully-Fisher relation will make the cluster an ideal calibrator once a direct measurement of its dis-
tance is obtained. Furthermore, the H 1 content of the galaxies does not seem affected by the cluster
environment. Here we use two different absolute calibration methods which yield an absolute distance to
Fornax of 154 + 2.3 Mpc (absolute distance modulus of 30.94 + 0.33 mag). A simple model yields a
Local Group Virgocentric flow velocity of 224 + 90 km s~ * which corresponds to a Hubble constant of
Ho =744 11 km s~ ! Mpc~! from the Fornax data.

Subject headings: distance scale — galaxies: clusters: individual (Fornax) —
galaxies: distances and redshifts — galaxies: photometry

1. INTRODUCTION

The Fornax Cluster is one of the most important mile-
stones in the extragalactic distance scale: It is sufficiently
close to the Local Group that planetary nebulae are
detected in its early-type galaxies (Arnaboldi et al. 1994;
McMillan, Ciardullo, & Jacoby 1993); three Type Ia super-
novae have been well observed (Hamuy et al. 1991; Phillips
1993); the globular cluster system has been studied
(Grillmair 1992); and surface brightness fluctuations have
been measured in several early-type galaxies (Tonry 1991).
Also, the cluster has been well studied using the D,-o and
Tully-Fisher relations. With the Hubble Space Telescope
(HST), we can expect more: the detection of Cepheids,
Miras, and possibly the tip of the red giant branch. Fornax
is sufficiently distant that its velocity perturbation by the
Virgocentric flow is probably only of the order of 10% of its
redshift.

As a cluster, Fornax is important in its own right; it has
one of the highest galaxy volume densities in the Local
Supercluster (Held & Mould 1994), and more than twice the
central surface density of the Virgo Cluster (Ferguson &
Sandage 1988). Dynamical processes in clusters have been
working ad extremum in this cluster, as exemplified by the
velocity dispersion and density continuity around NGC
1399 (Grillmair et al. 1994).

The Tully-Fisher relation is a property of disk galaxies
which is both vitally important to the extragalactic distance
scale and a key constraint in our understanding of their
formation (Freeman 1979; Gunn 1988; Zwaan et al. 1995).

In this paper, we update previous studies of the Tully-
Fisher relation in Fornax (Aaronson et al. 1981; Aaronson
& Mould 1983; Mathewson, Ford, & Buchhorn 1992),
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using the improved receivers and correlators of the Parkes
telescope which have become available quite recently, and
increasing the number of galaxies for which optical I-band
surface photometry is available. We describe the sample
selection in § 2, the 21 cm observations in § 3, and the
optical photometry in § 4. The Tully-Fisher relation is
obtained and analyzed in § 5, the H 1 content of Fornax
galaxies is studied in § 6, and § 7 discusses the consequences
of our results on the Local Supercluster velocity field and
on the absolute determination of distance to Fornax. We
conclude briefly in § 8.

2. SAMPLE SELECTION

A sample of Fornax galaxy members suitable to use for
the Tully-Fisher relation was constructed from the ESO/
Uppsala Survey of the ESO (B) Atlas (Lauberts 1982) and
from Ferguson (1989; F-numbered objects). The selection
criteria were based on the dynamics of the cluster (Held &
Mould 1994) and designed to include only “normal” gal-
axies. Galaxies were required to be located within 6° of
NGC 1399, considered to be the center of the cluster, and to
possess a redshift cz < 2520 km s~ ! (when available), corre-
sponding to a 3 ¢ criterion around the mean heliocentric
velocity of Fornax of 1450 km s~ !. Only galaxies of type
SO/a and later were included. Interacting or disturbed gal-
axies and multiple systems were rejected. An axial ratio
bj/a < 0.721 (i > 45°) was also required. Priority for ob-
servations was given to galaxies with a large apparent
diameter. We believe our sample to be complete down to a
major axis diameter of 1'3, excluding the SO/a galaxies NGC
1380A and NGC 1386, which are not detected in H 1
(Schroder and Richter 1995).

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...463...60B

o,
=1

YD IIAG3IIE

A

(<]}
(=]
[=h

I-BAND TULLY-FISHER FORNAX CLUSTER RELATION 61

3. 21 CENTIMETER OBSERVATIONS

A total of 41 galaxies from the constructed sample were
observed at 21 cm. The observations were made at the 64 m
Parkes telescope on three runs: 1990 January 31-February
8, 1990 April 10-16, and 1994 August 5-10. The beamwidth
of the Parkes telescope is 15’ at 21 cm.

For the 1990 runs, the system temperature of the receiver
was ~40 K. A 1024 channel, 1 bit autocorrelator (Ables et
al. 1975) was used and configured into four quadrants of
256 channels and bandwidth 10 MHz. Two quadrants were
used for each polarization, only one being used where the
redshift of the source was known. Otherwise, the two quad-
rants were offset by 7.5 MHz, providing a 17.5 MHz overall
band which was centered on Fornax mean heliocentric
velocity. This yielded a velocity coverage of 2111 km s~*
and 3694 km s !, respectively (in the radio convention).
After Il-Ianning smoothing, the velocity resolution was 16
kms™".

For the 1994 run, an upgraded receiver was used with a
system temperature of ~25 K. The new AT correlator
(Wilson et al. 1992) was used with 1024 channels covering a
bandwidth of 32 MHz. This yielded a velocity coverage of
6754 km s~ !. After Hanning smoothing, the velocity
resolution was 13 km s~ ?, slightly better than the 1990
observations. For both the 1990 and 1994 observations,
beam switching between source and sky was used, with a
switching rate of 5 minutes. Where possible, identical tracks
in azimuth and elevation were used for source and sky.

The data from all runs were edited, spectra for each
polarization were averaged and flux calibrated, and then
both polarizations were added. Subsequently, a polynomial
was fitted to the line-free portion of the spectrum and sub-
tracted, and the data were Hanning smoothed. All 21 cm
profile analysis was done using the Spectral Line Analysis
Package (SLAP; Staveley-Smith 1985). Twelve galaxies
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were observed during both the 1990 and 1994 runs. The
data for those galaxies were combined with a weight
inversely proportional to the square of their rms noise. The
data from 1990 were resampled before being combined,
using the 1994 data as a template.

Twenty-three galaxies out of 41 were detected in H 1. For
those galaxies, total H 1 flux (Fy,), velocity width at the
20% (AV,,) and 50% (AVs,) level, observed heliocentric
velocity (Vs,) in the optical convention (cA1/A,) taken as the
center of the profile at the 50% level, and signal-to-noise
ratio (S/N) defined as peak flux/oc, were measured with
SLAP. The results are shown in Table 1, and the Hanning-
smoothed profiles are shown in Figure 1. No cosmological
corrections were applied to the measured quantities. Fol-
lowing the work of Roth, Mould, & Staveley-Smith (1994),
who studied random and systematic algorithmic errors as
well as procedural errors using different line width assessing
methods, it was decided to use a one-sided Gaussian fit on
each side of the profiles to measure line widths. The velocity
and line width errors quoted here are also based on Roth et
al., taking into account the difference between our S/N defi-
nition and their (Fy,/AV,,0,). For the 18 galaxies which
were not detected in H 1, the expected optical velocity (v,)
(where available) and the profile noise (o) are presented in
Table 2. Both tables indicate on which run the observations
were made, or if they are combined data.

A few spectra show peculiar features. The spectrum for IC
1913 (357-G16) shows a narrow peak (width 69 km s~ ') ata
velocity 305 km s~ ! higher than the peak corresponding to
the galaxy. The spectrum for NGC 1437B (358-G61) also
has a second peak (width 132 km s~ 1), this time at a velocity
604 km s~ ! lower than the expected one. F35 shows a
complex spectrum with three peaks at velocities of 1274,
1658, and 1803 km s~ ! (Fig. 1). The nature of this spectrum
is not understood, and no optical velocity was available for
F35; follow-up observations for this object would be inter-

TABLE 1
OpTICAL AND 21 CENTIMETER PARAMETERS

Fyi AV AVs log(AV) vo i Lot It
G‘zll*‘)"y (Gykms™) (kms!)  (kms!) (km s~ 1) (kms™!)  (deg) (mag) (mag) u ‘E‘R))Obs
(2 (3) 4) (5) (6) (™M ®) (O]
357-G7 134+£27 1532+ 45 952+ 6.5 2.190+0.013 11212+ 3.3 823 13284010 12.97+0.18 Feb 90
357-G12 233+35 1463+ 4.5 1310+ 6.5 2.269+0.056 1568.6+ 3.3 5249 1246+0.11 1235+0.15 Feb 90
357-G16 (IC 1913) 63+13 1974+ 45 1571+ 6.5 2.208+0.010 1451.0+ 3.3 843 1317+003 12.65+0.11 Combi
357-G25 15406 196.2+70.4 140.4+57.0 2.326+0.156 1737.2+33.0 68+1 1370£0.03 1341+007 Aug 94
357-G26 (NGC 1326) 26527 2564+ 3.2 2401+ 2.8 255940037 13601+ 14 4545 947+002 936006 Aug94
F35° 61+2 1446007 14.29+0.10 Aug94
358-G9 (NGC 1351A)  7.9+24 2462+ 4.5 2099+ 6.5 2.391+£0.008 1360.1+ 33 900 1237£002 11712013 Feb 90
358-G13 (NGC 1350)  18.1+3.6 4088+ 45 3903+ 6.5 2658+0.014 19050+ 33 644 9.07+002 881006 Feb 90
418-G8* 92+14 1556+ 4.5 134.2+ 6.5 2.350+£0.027 11927+ 3.3 44+3 1280+0.03 12712006 Feb 90
358-G15 15+02 952+ 45 774+ 6.5 2101+0.032 13884+ 3.3 49+4 1387+004 13762007 Combi
358-G16° 12405 7544139 30.6+22.6 16976+ 113 - Combi
358-G17 (NGC 1365)  150.8+75 4066+ 1.0 3712+ 15 2760+0.036 16359+ 08 44+5 831+005 817012 Combi
418-G15 (NGC 1406)  34.051 353.0% 4.5 3089+ 6.5 254840006 10748+ 33 900 10654001 9.97+0.13 Feb 90
358-G49 (NGC 1427A) 23.1+12 1188+ 1.0 83.4% 1.5 22040037 2027.8+ 08 48+5 12264004 12142009 Aug94
358-G51 32410 1504139 112.3+226 2231+0.040 1734.0+11.3 6241 12544003 12.28+0.06 Feb 90
419-G4 (NGC 1425) 564456 3786+ 45 3555+ 65 2.617+0006 1512.6+ 3.3 66+1 9.82+£004 950+£0.07 Aug 94
358-G60 123+£12 9046+ 10 688+ 15 1.983+0005 8033+ 0.8 80+2 1510+£0.06 14774015 Aug 94
358-G61 (NGC 1437B)  3.4+05 1433+ 4.5 984+ 6.5 2176+0014 14974+ 33 7320 12174003 11.90+0.11 Aug 94
358-G63 275455 3208+ 45 2878+ 65 250910006 19324+ 3.3 84+2 1071£002 10.34£0.15 Feb 90
302-Go® 161456 181.0+ 45 1378+ 6.5 2.259+0.011 987.3+ 33 85+3 13234003 12.88+0.16 Feb 90
359-G3° 67417 1591+ 45 113.0+ 6.5 2.241+0.016 15742+ 3.3 66+3 1273+0.03 12432007 Feb 90
350-G6 (NGC 1484)*  12.0+24 1959+ 4.5 1323+ 6.5 22090011 10195+ 33 803 12244003 11.79£0.10 Feb 90
359-G16 51+18 1390+ 45 11574 6.5 2.186+0.015 14056+ 3.3 6541 14324006 14.08+0.10 Combi

® Optical parameters are from Mathewson et al. 1992.

® Object detected in H 1, but parameters could not be measured due to the peculiar nature of the spectra.
¢ No optical parameters available either from this paper or from Mathewson et al. 1992.
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F1G. 1.—21 cm line profiles of detected galaxies. Velocities are heliocentric.

esting. It should be noted, however, that observations for
NGC 1316C (357-G27) and F35 were carried out at offset
positions to avoid confusion between the two sources.

4. OPTICAL PHOTOMETRY

I- and V-band photometry of the sample galaxies was
done at the f/8 focus of the 1 m telescope at Siding Spring
Observatory on two runs: 1994 October 10-12 and 1994
December 6-12. A 2250 x 1152 GEC CCD was used on
both runs, with a scale of 076 pixel !. Exposure times
varied typically between 10-15 minutes in I and 5-10
minutes in V' except for very bright objects. Graham’s (1982)
E-region standards and Landolt’s (1992) standards cor-
rected to the Cousins (SAAO) system (Bessell 1995) were
observed at regular intervals during the night. All observa-
tions reported were done under photometric conditions.

The images were bias-subtracted and flat-fielded using
standard techniques in IRAF. Photometric correction equa-
tions including a color-correction term (V — I) were derived
from the photometry of the standards. Aperture correction
was used when necessary. Han’s (1991) SFOTO package
was used for most of the remaining data processing. After
masking foreground stars, elliptical isophotes were fitted to
the galaxies using GASP. Those stars were then inter-
polated over, and the surface brightness profile and growth
curve (integrated magnitude vs. surface brightness) was
obtained. Because of the high surface brightness of the sky
in the I band and the small slope of the growth curve in the
outer region of galaxies, an integrated I magnitude up to
the last reliable measurement of surface brightness was
measured and then extrapolated to infinity assuming an
exponential disk in the outer part of the profile (Han 1991).
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F1G. 1—Continued

This yields a total noncorrected integrated I magnitude (I,,,)
for the galaxies. The inclination of the galaxies was also
calculated from the fitted isophotes, assuming an intrinsic
axial ratio of 0.2 for edge-on systems.

Because the limit of our sample is at a redshift of
z = 0.008, K-correction to I, was neglected (corrections
are smaller than 0.008 mag). We corrected for Galactic
extinction and internal absorption in the external galaxy.
The Galactic extinction was taken to be 44% of that in B as
given in The Surface Photometry Catalogue of the ESO/
Uppsala Galaxies (Lauberts & Valentijn 1989) from the
work of Burstein & Heiles (1982). The internal absorption
was taken from Han (1991) and is a function of galaxy type
and inclination. A total corrected integrated I magnitude
was thus obtained (I5,,).

Out of the 23 galaxies detected in H 1, 10 were observed

on the October run and eight were observed on the Decem-
ber run; 358-G60 was observed on both runs because of its
faintness. Of the remaining six galaxies, five have photo-
metric data available from Mathewson et al. (1992). In
order to use their photometry to complement our data, we
compared their total uncorrected I magnitude with ours for
six galaxies which overlap their sample and for which we
have photometry. The difference between our values and
theirs was found to be —0.04 + 0.14, and so their results
will be used directly for the five relevant galaxies. The cor-
rections mentioned previously have been applied to the
uncorrected photometry results. The photometric data for
the 22 galaxies analysed are shown together with the H 1
data in Table 1. One galaxy, 358-G16, remains with H 1 but
no optical data, and so it will not be used for the Tully-
Fisher analysis. Because of the peculiar nature of the F35
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TABLE 2
21 cm NON-DETECTIONS

v o, Observing
Galaxy (kms™!) (mly) Date
357-G14 (IC 1909) ........... .. 6.02 1994 Aug
FI18 i, 4.37 1994 Aug
357-G27 (NGC 1316C)...... 1956 42° 1994 Aug
358-G10.....ceeeeeenanenn, 1703 8.34 1990 Feb
FOl s 432 1994 Aug
FOS o, 1403 6.33 1994 Aug
358-G19...ceiiiiiienn 1254 4.16 1994 Aug
358-G21 (NGC 1373)........ 1376 4.77 1994 Aug
358-G26 (IC 1963) ........... 1639 5.02 Combined data
358-G29 (NGC 1381)........ 1793 3.20 1994 Aug
358-G42....ciiiiiiiiiaennen 1042 4.34 Combined data
358-G43...ciiiiiiiiiie 1372 4.00 Combined data
358-GS0..cueiniiineininennns 1217 6.19 Combined data
358-G58 (NGC 1437)........ 1217 5.61 Combined data
358-G60.......ovvniiinnnnnn 1856 8.76 Combined data
359-G2 i 1460 4.13 1994 Aug
Combined data

359-G13..ceiiii 1408 2.96
4.78 1994 Aug

2 Large noise due to a standing wave created between the primary focus
cabin and the antenna surface.

H 1 spectrum, F35 will also be discarded for the Tully-
Fisher analysis.

5. TULLY-FISHER RELATION

The I-band Tully-Fisher relation for the 21 galaxies for
which both H 1 profiles and optical photometry are avaii-
able is shown in Figure 2, plotting I¢, versus log (AV%,),
where AV%, is the velocity width at the 20% level corrected
for inclination (see Table 1). A linear regression weighted by
the error on the magnitude was done on magnitude versus
velocity width and is also shown in Figure 2. We obtained

I, = (10.45 + 0.02) — (8.68 + 0.10)[log (AV},) — 2.5] .
1)
To look for differences in the intercepts of the Tully-Fisher

14
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1.8 2 22 24 26 28 3

log(AVy,)

FiG. 2—Tully-Fisher diagram for the Fornax Cluster. The line rep-

resents the weighted linear regression fit to the data.
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relation between clusters, this form of regression is to be
preferred over other methods in the absence of serious selec-
tion effects (Feigelson & Babu 1992).

It should be noted that the relation still holds well at the
faint luminosities we reach, despite a number of factors
which could affect it for such galaxies: increased support of
the disk by turbulent motions and higher dark matter
content in late-type spirals could change the slope in the
relation or induce nonlinearity in it, while variation in the
intrinsic axial ratio of the disks would increase the scatter.
In addition, because our absolute “limiting” magnitude is
faint, better than M; = — 16, assuming a distance modulus
to Fornax of 30.94 (see § 7), the regression coefficients have
little selection bias whatever the shape of the galaxy lumi-
nosity function (Bicknell 1992).

Mould et al. (1991) quote a Tully-Fisher relation of I{,, =
(10.45 + 0.08) — (9.77 + 0.54)[log (AV%,) — 2.5] for their
Virgo and Ursa Major calibration galaxies (assuming equal
distance for both clusters), based on the average of the
regression of magnitude on velocity width, and velocity
width on magnitude. Taking instead a regression of magni-
tude on velocity width only and assuming a constant uncer-
tainty of 0.08 mag on I¢, and 0.03 on log (AV%,) for their
data, we calculated a new fit for the Virgo galaxies only. We
obtained

I, = (10.42 + 0.08) — (8.87 + 0.51)[log (AV%,) — 2.51 ,
v

which slope agrees well, within the errors, with our Fornax
fit. This result shows not only that both clusters have a
similar slope, but that they lie at an almost equal distance
from our Galaxy. Using equations (1) and (2), we calculated
the individual distance modulus for each galaxy relative to
the fit of the other cluster. This yielded a weighted mean
distance modulus of Fornax relative to Virgo of 0.02 + 0.04
mag.

Since the slopes calculated for Fornax and Virgo are very
similar and the slope of the Tully-Fisher relation should be
unique, we decided to merge both sets of data to obtain a
common slope for both clusters. We did this by offsetting in
magnitude the Fornax Cluster data (subtracting Fornax
relative distance modulus to Virgo) and minimizing the “y”
residuals of both clusters around a common-fitted Tully-
Fisher relation, taking into account the errors on both axis.
We minimized the quantity

2= [y —d — (ax + b)]?

+ Y [v — (au + b)]?
Fornax (an)Z + Ay2 Virgo (aAu)Z + AUZ ’

©)

where (x, y) = [log (AV%,) — 2.5, If,] for Fornax data,
(u, v) = [log (AV%,) — 2.5, If,] for Virgo data, and where
a, b, d are the three parameters to fit; a is the slope of the
Tully-Fisher relation, b is the zero point for the Virgo
Cluster {I{,, = b + a[log (AV%,) — 2.5]}, and d is the dis-
tance modulus of Fornax relative to Virgo. Doing this
three-parameter x> minimization, we obtain a = —8.96
+ 037, b = 1042 + 0.13 mag, and d = —0.04 + 0.15 mag.
However, the 2 obtained this way is large. Therefore, we
decided to introduce in the denominator of our x2 an addi-
tional constant term representing the intrinsic scatter in the
Tully-Fisher relation. A value of Am = 0.40 mag for both
clusters yields a x2 of 41, similar to the number of degrees of
freedom. This way, we obtain = —8.78 + 041,
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F1G. 3.—Tully-Fisher diagram for the offset Fornax data and Virgo
data. The line represents the 32 minimization fit.

b =10.43 + 0.10 mag, and d = —0.06 + 0.15 mag. Those
are the adopted values. The errors are larger than those in
the linear regression fit to the Fornax data because we are
now taking into account the error on the velocity width and
because we have to offset part of the data. The offset Fornax
data, the Virgo data, and the resulting y? fit are shown in
Figure 3.

6. THE H 1 CONTENT OF FORNAX GALAXIES

The formation and evolution of spiral galaxies in a cluster
environment will, at some level, be different from that in an
isolated environment. Processes such as tidal stripping, ram
pressure sweeping, and mergers may modify the luminous
and dark mass distribution. While the light distribution is
generally unaffected, it is known that spirals in the inner
parts of clusters are often H 1 deficient compared to field
spirals (e.g., in Coma: Chicarini, Giovanelli, & Haynes
1983; Bothun, Schommer, & Sullivan 1984) and that their
H 1 disks are often truncated (e.g., in Virgo: Giovanelli &
Haynes 1983, Cayatte et al. 1990). Fornax is a dense and
compact cluster, so the question of whether environmental
effects affect our measured H 1 rotational velocities arises.
Various groups have compared the rotation curve of cluster
and field spirals with contradictory results: Burstein et al.
(1986), Rubin, Whitmore, & Ford (1988), and Whitmore,
Forbes, & Rubin (1988) find that the rotation curve and
mass distribution of field and cluster spirals differ (falling
rotation curves and shallower M/L gradients in clusters),
while Chincarini & de Souza (1985) and Guhathakurta et
al. (1988, using H 1 deficient galaxies) find no significant
differences. Furthermore, Mould et al. (1995) find that many
clusters do not show H 1 deficiency in their galaxies.

Our data do not provide any spatial information con-
cerning the H 1 distribution in the sample galaxies, so we
cannot say if the shapes of the rotation curves have been
affected by their environment. On the other hand, we do
have information on the total H 1 content of the galaxies.
Figure 4 shows the distance-independent ratio of the H 1
mass and the total I-band infrared-luminosity (My /L) for
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F1G. 4—H 1 mass to total I-band infrared luminosity ratio (My,/L;) of
sample galaxies, as a function of projected radius from Fornax center and
morphological type (type 11 corresponds here to non-Magellanic
irregulars). The area of the circles is proportional the My /L, ratio.

the sample galaxies as a function of projected radius from
the cluster center and morphological type. We can see the
expected increase of My ,/L; with morphological type, but
no significant trend is seen with distance from the cluster
center. This seems to indicate that the cluster is fairly homo-
geneous regarding gas content. That is, if the H 1 content of
Fornax galaxies is different than for field galaxies, the
cluster can only be affected as a whole. Figure 5 shows a
comparison of the My /L, ratio for Fornax and Ursa Major
galaxies as a function of galaxy type. For Fornax, the data
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F16. 5—H 1 mass to total I-band infrared luminosity ratio (My,/L,) of
sample and Ursa Major galaxies, as a function of morphological type.
Filled circles represent Fornax galaxies, and open circles represent Ursa
Major galaxies.
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TABLE 3

FOrRNAX DISTANCE MODULUS RELATIVE TO VIRGO: COMPARISON

AMFornax —Virgo

Method (mag) Reference

I-band Tully-Fisher relation.......................... —0.06 + 0.15 1
Planetary nebulae luminosity function .............. 0.24 +0.10 2
Surface brightness fluctuation ........................ —0.16 £ 0.13 3
Globular cluster luminosity function ................ —0.11 +£0.23 4
Type Ia supernovae ...............oeeviiiiiinin... 0.09 + 0.14 5
Globular cluster luminosity function ................ —-05+02 6
L-ZrelationfordE ..o —0.16 + 0.14 7
IR (H-band) Tully-Fisher relation ................... —-0.25+0.23 8
D,orelationfor E...............coo 0.14 + 0.18 9
L-o-Zrelationfor E ............oooiiiiiiiiiiiinnnnn. —0.14 + 043 10
L-ZrelationfordE ... —0.02 +0.20 11
Do relationfor E..............ooii 0.21 12
L-Trelationfor dE ..., —-05+02 13
IR (H-band) Tully-Fisher relation ................... —0.20 + 0.25 14

0.03 + 0.20 15
Revision of Visvanathan & Sandage 1977 .......... 0.16 + 0.17 16
Color-magnitude relation for SO and E ............. 0.32 + 0.23 17
Globular cluster magnitude .......................e. 0.70 + 0.15 18
Magnitude of brightest galaxies...................... 0.4 19
Magnitude and diameter of brightest galaxies...... 0.55 20

REFERENCES.—(1) This paper. (2) McMillan et al. 1993. (3) Tonry 1991. (4)
Bridges,Hanes, & Harris 1991. (5) Hamuy et al. 1991. (6) Geisler & Forte 1990. (7)
Bothun, Caldwell, & Schombert 1989. (8) Aaronson et al. 1989. (9) Faber et al. 1989. (10)
Pierce 1989. (11) Ferguson & Sandage 1988. (12) Dressler et al. 1987. (13) Caldwell &
Bothun 1987. (14) Aaronson & Mould 1983. (15) Aaronson et al. 1981. (16) Aaronson,
Mould, & Huchra 1980. (17) Visvanathan & Sandage 1977. (18) de Vaucouleurs, 1977.
(19) Dawe & Dickens 1976. (20) de Vaucouleurs 1975.

are from this paper, while for Ursa Major the H 1 fluxes are
from Huchtmeier & Richter (1989) and the I-band infrared
luminosities from Pierce & Tully (1988). Galaxies in
Fornax, a much denser cluster than the loose spiral-rich
Ursa Major cluster, should be more affected by environ-
mental effects. But Figure 5 shows that the My,/L, ratios in
Fornax and Ursa Major are identical, indicating that
Fornax galaxies are not H 1 deficient compared to galaxies
in a low density environment. Furthermore, residuals
around the Fornax Tully-Fisher fits (either from eq. [1] or
eq. [3]) are not functions of the projected radius from the
cluster center. This indicates that it is very unlikely that the
H 1layers in Fornax galaxies have been truncated up to the
rising part of the rotation curve, since this effect would
presumably get worse toward the center of the cluster. All
these factors lead us to adopt the default assumption that
the rotational properties of the galaxies and the Tully-
Fisher relation derived from the H 1data are normal.

7. DISCUSSION

First we compared our distance measurement with pre-
vious results. Table 3 shows values of the distance modulus
of Fornax relative to Virgo as measured by various authors
using methods: both similar and dissimilar to the I-band
Tully-Fisher relation used here. We include only research in
which both clusters were studied in a single project. We did
not try to infer a relative distance by comparing individual
results for Fornax or Virgo published in different papers.
Within the errors, our results agree with most of the recent
work, except for a slight disagreement with the result of
McMillan et al. (1993), who used the planetary nebulae
luminosity function, a method thought to be very precise.
Also, the results. of Geisler & Forte (1990) and Caldwell &
Bothun (1987) seem very low.

To see how our results affect the present picture of the
velocity field in the Local Supercluster, we need to calculate
a new value of the infall velocity of the Local Group toward
Virgo. For the heliocentric velocity of Fornax and Virgo, we
take the values of 1450 + 34 km s~ ! (Held & Mould 1994)
and 1151 + 38 km s~ ! (Huchra 1985), which we correct in
the usual way (300 sin / cos b) to the rest frame of the Local
Group. For the Fornax/Virgo distance ratio, we assume the
value 0.97 + 0.07, inferred from their relative distance
modulus calculated previously and identify the center of the
clusters with NGC 1399 and M87, respectively. To obtain
the infall velocity of the Local Group toward Virgo, we use
the Virgocentric flow model described by Schechter (1980)
and Aaronson et al. (1982). It assumes that the Local Super-
cluster is spherically symmetric with a density profile
varying as r~? (r being the distance from Virgo) and is
superposed on a uniform density background. The model
also depends on the peculiar velocity of the Local Group. In
the linear approximation of the model (Schechter 1980,
eq. [2]; Aaronson et al. 1982, eq. [B1]), using y = 2 (Yahil,
Sandage, & Tammann 1980), we obtain a value of 224 + 90
km s ! for the infall velocity of the Local Group toward
Virgo. A nonlinear model gives a value some 10% higher.
This result agrees well with the result of 257 + 32 km s~ *
from Aaronson et al. (1982), who used a large number of
spirals in the Local Supercluster and the nonlinear formula-
tion of the model.! It also agrees with many of the latest
results by other authors (e.g., 239 + 40 km s~ ! by Jerjen &
Tammann 1993). It should be noted that this result is inde-
pendent of the zero point adopted for the distance scale; it

! The relevant model is solution 2 in Table 1 of Aaronson et al. (1982).
Those authors preferred solution 3.1, which had additional parameters
amounting to a total (pattern plus local standard of rest) infall velocity of
the Local Group toward Virgo of 331 + 41 kms™".
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depends on relative distances only. Because the infall veloc-
ity of the Local Group is model dependent, it is harder to
compare our results with those from various groups. In fact,
with all the models being highly idealized, the difference
between the models and reality is probably a more signifi-
cant issue than the difference between the models them-
selves. Applying the Yahil, Tammann, & Sandage (1977)
correction for the Sun’s motion in the Local Group instead
of that used here, we would have obtained a higher infall
velocity of 306 + 93kms ™1,

To derive an absolute distance to Fornax, we need to set
the zero point of the distance scale. We will look at two
ways of doing this. First, we will follow the absolute cali-
bration of the I-band Tully-Fisher relation done by Pierce
& Tully (1988), and second, we will use the direct measure-
ment of the distance to Virgo (M100) by Freedman et al.
(1994), who used Cepheids.

First, Pierce & Tully (1988) provide an absolute cali-
bration of the B-, R-, and H-band Tully-Fisher relation
based on the local calibrators NGC 224, NGC 598, and
NGC 2403. Unfortunately, for the I-band calibration, only
NGC 2403 photometry could be used. Therefore, this abso-
lute calibration cannot be precise. From Pierce & Tully, we
take for NGC 2403 the parameters M; = —20.27 mayg,
AV,o =257 km s~ !, and i=57° £+ 3°. For the velocity
width, we assume an error of 5 km s~ . For the absolute
magnitude, we assume an error of 0.05 mag on the measure-
ment of the apparent magnitude, and we add errors of 0.13,
0.05, and 0.4 mag due, respectively, to the measurement
errors on the distance modulus to NGC 2403 (Tammann &
Sandage 1968), the measurement errors on the distance
modulus to the Large Magellanic Cloud (Welch et al. 1987),
and the scatter in the Tully-Fisher relation. We constrain
the slope of the Tully-Fisher relation for NGC 2403 to be
the one derived in § 5 for Fornax and Virgo (—8.78 + 0.41),
and we take into account the error on the zero point of the
fitted relation. This way, we derive the absolute zero point
of the relation to be —20.39 + 0.46 mag, and we find a
distance modulus for Fornax of 30.76 + 0.47 mag. This in
turn gives an absolute distance to Fornax of 14.2 + 3.1
Mpc.
Second, Freedman et al. (1994) obtained a direct mea-
surement of the distance to the Virgo galaxy M100. using
Cepheids and the Hubble Space Telescope. They measured a
true distance modulus to M100 of 31.6 + 0.20 mag. Owing
to the extended nature of the Virgo Cluster, additional
uncertainties arise in the distance of Virgo. We adopt here
the value quoted by Freedman et al. (1994) of 31.16 + 0.42
mag. Combining this with the distance modulus of Fornax
relative to Virgo determined in § 5 (—0.06 + 0.15 mag), we
obtain a true distance modulus to Fornax of 31.10 + 0.45
mag. This yields an absolute distance to Fornax of
16.6 + 3.4 Mpc. This measurement and the previous one
agree within the errors.

Since both results are independent, we adopt for the dis-
tance of Fornax the mean of the two, 15.4 + 2.3 Mpc (an
absolute distance modulus of 30.94 + 0.33 mag). This result
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agrees with most of the recent work done on the absolute
distance of Fornax (e.g., 30.57 + 0.20 mag by Aaronson et
al. 1989; 31.44 + 0.32 mag by Hamuy et al. 1991; 14.8 + 0.3
Mpc by Tonry 1991) including those of McMillan et al.
(1993; 31.14 + 0.14 mag) and Geisler & Forte (1990;
31.00 + 0.25 mag) for which a discrepancy existed regarding
the distance of Fornax relative to Virgo. The result of Cald-
well & Bothun (1987) still disagrees with ours.

Having obtained the infall motion of the Local Group
toward Virgo, it is possible to use the calculated Fornax
distance to measure the Hubble constant. Correcting the
mean velocity of Fornax (relative to the Local Group) for
the projection of the Local Group infall velocity in its direc-
tion, we obtain an estimate of the true velocity of Fornax.
This gives 1148 + 70 km s ™!, and thus we obtain a Hubble
constant of H, = 75 + 12km s~ ! Mpc ™. This value agrees
with many of the latest measurements of the Hubble con-
stant favoring values around 80 km s™! Mpc™! (e.g,
80+ 17 km s™! Mpc~! by Freedman et al. 1994, and
85 + 10 km s~ ! Mpc ! by Pierce & Tully 1988). However,
it disagrees with values of H, lower than 60 km s~! Mpc™ 1.
It should be noted that the value obtained for the Hubble
constant is strongly model dependent and does not take
into account any peculiar velocity of either Fornax or
Virgo.

8. CONCLUSION
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